Obesity causes various structural, hemodynamic, and metabolic alterations in the kidney. Most of these are likely to be compensatory responses to the systemic increase in metabolic demand that is seen with obesity. In some cases, however, renal injury becomes clinically apparent as a result of compensatory failure. Obesity-related glomerulopathy is the best known of such disease states. Factors that may sensitize obese individuals to renal compensatory failure and associated injury include the severity and number of obesity-associated conditions or complications, including components of metabolic syndrome, and the mismatch of body size to nephron mass, due to nephron reductions of congenital or acquired origin.
W
ith the worldwide epidemic of obesity, the increase in obesity-related complications is becoming a serious socioeconomic problem. [1] [2] [3] The kidney may exhibit health disorders related to obesity. Obesity not only increases the risk of progression of preexisting renal diseases but is itself also an independent risk factor of renal injury. 4, 5 Obesity-related glomerulopathy (ORG) is the best-known renal disease secondary to obesity. From observation of this unique disease state, significant knowledge has accumulated regarding the clinicopathological characteristics of renal injury in obesity. [6] [7] [8] [9] Importantly, however, there is a large difference between the fraction of the general population that is obese and the fraction that actually develops renal impairment. In addition, the severity of obesity-related renal impairment is not necessarily related to the severity of obesity. Thus, it is conceivable that obesity is not the sole factor causing obesity-related renal injury, and that there may be additional or predisposing factors that explain the considerable differences among individuals in susceptibility to renal injury due to obesity.
In this review, we will outline (i) the renal structural, hemodynamic, and metabolic alterations in obesity and obesity-related renal impairment; (ii) the clinicopathological features of renal injury associated with obesity (primarily in ORG); and (iii) the potential additional or predisposing factors that may sensitize patients to renal structural or functional compensatory failure and subsequent injury.
Renal Alterations in Obesity or Obesity-Related Renal Impairment

Kidney Weight
Studies of adult autopsies have shown that kidney weight increases with increasing body mass index (BMI). 10 The weight of kidneys from autopsies of obese individuals has been found to be significantly greater than those of normal-weight controls. 11 An autopsy study of obese children who died in traumatic accidents found that the weights of all organs except the brain, including the heart, kidneys, pancreas, liver and spleen, were heavier than those of height-, age-, and sex-matched control children. 12 Although the mechanism of increased kidney weight in obesity is unknown, it may be related to compensatory hypertrophy of individual nephrons, as a result of increased tubular and glomerular functions associated with obesity. In addition, intracellular or extracellular accumulation of fluid and lipid components may contribute to the increased weight of the obese kidney.
Glomerular Hypertrophy
Numerous morphometric studies of factors related to glomerular size have been performed, using autopsies or biopsies of nondiseased and diseased kidneys. [13] [14] [15] [16] It has been consistently observed in many of these studies that body size, especially as defined by obesity or BMI, is one of the most important determinants of glomerular size. In obese subjects, glomerular sizes are larger, even in the absence of apparent renal disease or injury. [13] [14] [15] Glomerular hypertrophy in obesity may be largely attributable to compensatory changes accompanying glomerular hyperfiltration. Glomerular hyperfiltration can be reduced in obese subjects by weight loss, but it has not been clarified whether glomerular size decreases during such "backtracking" of glomerular function. Although the increases in glomerular size found in obese subjects may be due in part to an increase in the number of glomerular capillaries, no previous study has directly tested this hypothesis in humans.
Tubular Hypertrophy
Compared with those of the glomeruli, there have been very few studies of structural alterations in renal tubules associated with obesity. Morphometric analysis may be hampered by the structural complexity of renal tubules. A study of biopsy samples from proteinuric obese patients found that the cross-sectional area of proximal tubular epithelial cells was 33% larger, and the proximal tubular lumen 54% larger, than in proteinuric nonobese patients. 17 
Hemodynamic Changes
It is known that changes in intrarenal hemodynamics are characteristic of obesity. Previous animal experiments and intervention studies in obese subjects have demonstrated that renal plasma flow (RPF) and glomerular filtration rate (GFR) both increase with obesity. [18] [19] [20] [21] Renal tubular overload in obesity is characterized by an increase in the filtration fraction (GFR/RPF), and may stimulate sodium and water reabsorption in the proximal tubules, resulting in decreased pre-glomerular vascular resistance via the tubuloglomerular feedback mechanism. 22 A dilation of the glomerular afferent arterioles leads to a further increase in the GFR (glomerular hyperfiltration). Although the origin of such a vicious circle between increased salt reabsorption in the tubules and glomerular hyperfiltration remains unclear, such alterations in renal hemodynamics may constitute the most important pathophysiological basis for the renal abnormalities of obesity ( Figure 1 ). Consistent with this hypothesis, cetazolamide, a carbonic anhydrase inhibitor that inhibits salt reabsorption in the proximal tubule, has been shown to reduce GFR in obese nondiabetic subjects. 23 Obesity is often accompanied by systemic hypertension, via several mechanisms. 24 Systemic hypertension caused by obesity additionally increases glomerular blood flow through the dilated AAs, with reduced autoregulatory capacity, and promotes irreversible arteriolosclerotic changes that further promote glomerular hypertension and hyperfiltration.
Increased Salt Sensitivity
The changes in renal hemodynamics found in obesity are closely linked to increased salt sensitivity. 25 In fact, compared to lean subjects, obese subjects are more likely to develop salt-sensitive hypertension and proteinuria from excessive salt intake. 26, 27 One important mechanism by which salt sensitivity is increased with obesity is an activation of the intrarenal reninÀangiotensinÀaldosterone system (RAAS). 28, 29 Activation of renal sympathetic nerves may also be implicated in the increased salt reabsorption seen in obesity. 30, 31 
RAAS Activation
Adipose tissue is known to contain all components of the RAAS system, and activation of this system occurs in obese adipose tissue. 32, 33 Production of angiotensinogen, aldosterone, and aldosterone-stimulating factor is increased in obese adipocytes. [34] [35] [36] Plasma aldosterone concentrations in obese subjects are high, correlated with visceral fat mass, and decreased by weight loss. 37, 38 In obese individuals, the RAAS is activated in renal tissue, and increases sodium reabsorption by several mechanisms. [39] [40] [41] A prospective crossover study conducted in obese patients with proteinuria showed that therapy with an aldosterone antagonist more Figure 1 . Hemodynamic abnormalities and factors promoting obesity-related renal injury. Renal plasma flow (RPF) and glomerular filtration rate (GFR) increase in obesity. Such renal tubular overload in obesity is characterized by an increase in the filtration fraction (FF: GFR/RPF) and may stimulate sodium and water reabsorption in the proximal tubules, decreasing preglomerular vascular resistance via tubuloglomerular feedback (TGF). A dilation of the glomerular afferent arterioles (AAs) leads to a further increase in GFR, that is, glomerular hyperfiltration. Various factors associated with obesity, including adipose-derived factors, activation of the reninÀangiotensinÀaldosterone system (RAAS) and renal sympathetic nervous system (RSNS), systemic hypertension, and nephron mass reduction, constitute and promote this vicious circle.
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effectively reduced proteinuria than did an angiotensin-converting enzyme inhibitor. 42 In spontaneously hypertensive obese rats, renal injury and proteinuria were correlated with elevated blood aldosterone concentrations. 43 Notably, that study showed that expression of aldosterone receptors in glomerular podocytes was enhanced, and that glomerular injury and proteinuria were ameliorated by the administration of an aldosterone receptor antagonist. Thus, the activation of the intrarenal RAAS system, especially involving aldosterone or its receptor, is likely to play a major role in the development of proteinuric renal injury associated with obesity.
Glucose Metabolism
The kidneys play an important role in the regulation of glucose homeostasis via glucose utilization, gluconeogenesis, and glucose reabsorption. 44 Of these, renal glucose reabsorption is the main contributor to glucose homeostasis in the kidney. Reabsorption of glucose in the proximal tubules is mediated by sodiumÀglucose co-transporters (SGLTs), specifically SGLT-2, which controls 90% of all glucose reabsorption in the kidney. 45 Hyperglycemia and angiotensin II are known to upregulate the expression of SGLT-2.
46,47 Thus, in obesity, in which both hyperglycemia and RAAS activation occur, renal tubular reabsorption of glucose may be increased via upregulation of the expression of SGLT-2.
In addition to reducing glycemia, therapy with an SGLT-2 inhibitor also slowed the progressive loss of renal function in proteinuric patients with diabetes. 48 Animal models of diabetes have demonstrated that SGLT-2 inhibition affects the tubuloglomerular feedback system. A study using dapagliflozin resulted in reduced reabsorption of glucose in the proximal tubules, leading to an increase in distal delivery of glucose and sodium, and a decrease in GFR. 49 It is conceivable that similar results may be observed in nondiabetic obesity-related renal disease, suggesting a potential role for SGLT2 in such patients.
Adipose-Derived Inflammation
Obesity is a chronic low-grade inflammatory condition, in which adipose tissue serves as the source of inflammatory cytokines. 50 Visceral adipose tissue produces less adiponectin and more pro-inflammatory cytokines, including tumor necrosis factorÀa (TNF-a) and interleukin-6 (IL-6), which can induce insulin resistance and promote endothelial dysfunction. 51 Adipocytes can facilitate vasculogenesis locally and in distal organs by secreting angiogenic factors. 52 In a study using obese Zucker rats, significant increases in cortical and medullary microvascular density developed in parallel with intrarenal inflammation. 53 Importantly, a similar increase in microvasculature was found in a hypercholesterolemia model, and was inhibited by thalidomide, a potent anti-inflammatory and antiangiogenic agent. Inhibition was accompanied by restoration of renovascular endothelial function but decreased basal renal hemodynamics. 54 These findings suggest that neovascularization in the obese or hypercholesterolemic kidney involves a compensatory mechanism to sustain basal renal vascular function.
Deposition of Lipid Components
Accumulation of fat components in cells, originally a vital function for conserving intracellular energy, is increased in obesity. 55 Numerous experiments in vivo and in vitro have suggested an association between intrarenal accumulation of lipid components and renal injury. 56 However, our understanding of fat accumulation in the human kidney has been very limited in comparison to what we know about this process in other organs, such as the heart, liver, and skeletal muscle. A recent study demonstrated that the degree of accumulation of triglycerides in the human renal cortex was correlated with BMI. 57 Although deposition of triglycerides was observed in both glomerular and tubular cells, it was predominantly found in proximal tubular cells. 57 
Renal Injury Associated With Obesity
Obesity-Related Glomerulopathy
Autopsy cases in which proteinuric renal injury was associated with extreme obesity first appeared more than 40 years ago, and have been followed by additional autopsy and biopsy cases. [58] [59] [60] [61] [62] In recent years, this chronic renal complication of obesity has been named obesity-related glomerulopathy, and its clinical and histopathological features have been identified and clarified in cases from several countries. [6] [7] [8] [9] In general, the diagnostic criteria of ORG are defined as BMI values of 30 kg/m 2 or more and the exclusion of other renal diseases, both clinically and histopathologically. 6 ORG does not necessarily occur in individuals with more severe obesity. Studies have shown that, among patients with even a moderate degree of obesity (BMI values < 30 kg/m 2 ), a subgroup exists that demonstrates the clinical and histopathological characteristics of typical ORG. 8, 63 Clinical Features of ORG Clinically, isolated proteinuria of unknown onset, with or without renal impairment, is the initial symptom in most cases. The magnitude of urinary protein excretion, and of renal functional reserve at the time of biopsy, varies among cohorts identified in different countries. [6] [7] [8] [9] This may be attributed to different biopsy policies or to additional effects of already-advanced renal injury
Although the absence of a decrease in serum protein levels, even in the presence of relatively high urinary protein excretion, is characteristic, the mechanism behind this remains unclear. The presence of full nephrotic syndrome is unusual in ORG. Therefore patients with ORG rarely display obvious symptoms such as edema. Other clinical findings commonly associated with ORG are hypertension and dyslipidemia.
Few studies have examined the long-term outcomes of patients with ORG. [6] [7] [8] [9] The typical clinical course is stable or slowly progressive proteinuric renal impairment, but the long-term outcomes include progression to end-stage renal disease in 10% to 33% of patients diagnosed with ORG. Factors associated with progression include older age, renal dysfunction, and greater proteinuria at presentation, as well as greater timeaveraged proteinuria during follow-up. 6, 7, 9 Renal Histopathology of ORG Typical features of renal histopathology for ORG patients include glomerulomegaly and focal segmental glomerulosclerosis (FSGS) (Figure 2) 6,64
Glomerulomegaly is very likely a result of abnormalities in renal hemodynamics associated with obesity, including increased RPF and GFR. 20, 21 To date, there is no consensus on the quantitative definition of glomerulomegaly in ORG. A morphometric study found that mean glomerular volume in ORG patients with preserved renal function was about 3-fold that seen in control subjects. 64 The glomerular capillaries of ORG patients appear to be increased in number, suggesting de novo formation of microvessels. The expression of capillary growthÀpromoting factors, such as vascular endothelial growth factor (VEGF), is increased in the glomerular tissues of ORG patients, supporting this idea. 65 The glomerular density (number of glomeruli per unit of renal cortical area) has been found to be lower in biopsy specimens of ORG patients versus control subjects. 64 Although the origin of this low glomerular density in biopsy specimens of ORG patients has not been determined, it may be due to the lower number of nephrons in these patients.
FSGS lesions are not observed in all cases of ORG, and may represent differences in the degree of obesity or renal impairment. In a report from China, however, there was no significant difference in glomerular size or number of cases showing FSGS between groups based on BMI. 8 Among subtypes of FSGS, ORG exhibits a predominance of the perihilar variant. 6 It is believed that this reflects an excessive pressure load on the vascular poles of glomeruli, due to the renal hemodynamic abnormalities of obesity. Obesity-induced glomerular hypertrophy and glomerulomegaly may cause glomerular podocytes to enlarge their foot processes to cover the expanded glomerular surface area. Consistent with this, a relative reduction in the coating area of glomerular podocytes on the glomerular surface is found in patients with ORG. 66 This may cause changes in podocyte function and a consequent loss in protein selectivity, podocyte detachment, and replacement by matrix deposition, leading to FSGS.
Differential Diagnosis of ORG
Diagnosis of ORG is defined morphologically as glomerulomegaly with or without FSGS lesions. 6, 64 Patients whose renal biopsy specimens show histopathological evidence of other primary or secondary renal diseases, including immune-complex glomerulonephritis and diabetic nephropathy, are excluded. Increased glomerular basement membrane thickness alone is not a criterion for exclusion, because obese patients can exhibit increased glomerular basement membrane thickness in the absence of diabetes. 67, 68 Likewise, the presence of hypertension is not an exclusion criterion. The biopsy specimens of some obese hypertensive patients show moderate to severe vascular lesions, which are accompanied by collapsed glomeruli. Patients with such histological features are diagnosed with hypertensive nephrosclerosis rather than ORG. In electron microscopy studies, the incidence of foot process fusion among glomerular podocytes is lower in ORG (w40%) than in idiopathic FSGS (w75%). 6 Focal lipid vacuoles are occasionally seen in the cytoplasm of glomerular mesangial cells and tubular epithelial cells. 56 
Factors Predisposing Obese Individuals to Renal Injury
Obesity Type
There are major functional differences among adipocytes that are related to their anatomical location in visceral or subcutaneous fat. The enhanced pathologic profile of visceral fat relative to subcutaneous fat gives it a greater potential to increase cardiovascular risks, and increases the propensity toward hypertension and risk of chronic kidney disease (CKD).
69-71
Components of Metabolic Syndrome
Obesity is a risk factor for all components of metabolic syndrome: impaired glucose tolerance, hypertension, and dyslipidemia. Each component can induce kidney injury and may exacerbate pre-existing renal disease. 72 Combinations of components may synergistically increase the risk of CKD, and the risk of progression of pre-existing CKD. 73 It is possible that the duration and severity of each disease condition is correlated with the severity of renal impairment due to obesity. Recent studies have shown that CKD incidence in metabolically normal obese subjects is not different from that in metabolically normal nonobese subjects. 74 In addition, the incidence of CKD in metabolically abnormal obese subjects is higher than that in metabolically abnormal nonobese subjects. It is therefore conceivable that obesity increases the risk of renal injury in combination with these metabolic abnormalities.
Other Obesity-Associated Complications
Sleep apnea and nocturnal hypoxemia are frequent complications of obesity, and these disease states have been associated with hypertension and loss of renal function. 75 Obese patients with sleep apnea often have pulmonary hypertension, which is known to increase right ventricular overload. 76 This may lead to increased renal vein pressure and congested intrarenal circulation, increasing activation of RAAS and salt reabsorption. Nonalcoholic fatty liver disease often accompanies obesity. In a meta-analysis, nonalcoholic fatty liver disease was shown to be associated with an increased risk of incidence and progression of CKD. 77 These findings suggest that conditions frequently accompanying obesity may play additive roles in the progression of renal injury associated with obesity.
Nephron Mass Reduction
In a case series of ORG patients with FSGS, 8 of 15 patients exhibited an apparent reduction in the number of nephrons, due to congenital anomalies of the kidney and urinary tract, such as unilateral renal agenesis. 7 Obesity has also been identified as a risk factor for proteinuria and renal dysfunction in follow-up studies of patients with unilateral nephrectomy or with congenital renal agenesis. 78, 79 These results suggest that obesity may participate in the development of renal injury under conditions of severe renal mass reduction. Glomerular enlargement and scarring caused by a mismatch between body size and nephron mass may result in further reductions in nephron mass, leading to a vicious circle of glomerular compensatory failure and injury.
Nephron Number
The etiology of reduced nephron number, in the absence of any apparent renal morphological or functional abnormalities, remains incompletely understood.
Nephrogenesis in humans begins at week 9 of gestation, and the final number of nephrons is determined by weeks 34 to 36; nephron number does not increase after birth. Recent autopsy studies have demonstrated considerably greater variability in total nephron number in the normal population than was previously suspected (up to a 10-fold difference). 80, 81 Total nephron number is correlated with weight at birth, suggesting the importance of the intrauterine environment. 82 Notably, the marked variability in glomerular number has been reported to have important implications for susceptibility to renal insufficiency and progression to end-stage renal disease, suggesting links among weight at birth, nephron number, and susceptibility to progressive renal disease. 83 Interestingly, the glomerular density observed in renal biopsy specimens of ORG patients is extremely low relative to that of control subjects. 64 Experimentally, rats raised on a low-calorie diet during the gestation period develop obesity, metabolic syndrome, diabetes, and hypertension when fed a high-calorie diet after birth. 84 The body sizeÀnephron mass mismatch that is potentially present in obese patients with ORG may therefore originate from the fetal environment. Studies of birthweight and the total number of nephrons, in obese subjects with and without ORG, would be required to test this hypothesis.
As with the number of nephrons, significant individual differences in the number of glomerular podocytes exist. 85 Glomerular podocytes do not readily divide, and respond to glomerular enlargement by extending their foot processes. Thus, a low podocyte number may also affect the adaptive capacity in response to the glomerular enlargement seen in obesity.
Chronic Kidney Disease
A reduction in nephron mass is most frequently observed during the progression of CKD. The fraction of sclerotic glomeruli increases with the progression of renal impairment in chronic progressive renal diseases of any cause, and the remnant glomeruli exhibit compensatory hyperfiltration and enlargement. 86 In the nephron mass reduction seen in chronic renal disease patients, obesity may additionally influence renal impairment. For example, BMI values of 25 kg/m 2 or more increase the risk of disease progression in patients with IgA nephropathy. 87 On the other hand, weight loss is effective for attenuating the progressive loss of renal function in obese patients with diabetic or nondiabetic renal disease. 88 These results suggest that obesity may contribute to the further progression of already recognized CKD of any cause by inducing additional obesity-related hemodynamic and metabolic loading.
Aging
The loss of glomeruli with age occurs throughout adult life, with a mean predicted loss of w4500 glomeruli per kidney per year from 18 to 70 years of age. 89 Thus, as with congenital differences in total nephron number among individuals, reduction during normal aging can greatly influence susceptibility to renal injury in obese individuals.
A recent, detailed analysis of nephrosclerotic specimens suggested that the progressive loss of glomerular podocytes is part of the process of normal aging. 90 Thus, aging-related decreases in the number of glomerular podocytes may also contribute to a functional mismatch between reduced podocyte number and the glomerular enlargement seen in obesity.
The above-mentioned additional and predisposing factors that may sensitize obese individuals to renal compensatory failure and injury are summarized in Table 1 .
Conclusion
Obesity causes various structural, hemodynamic, and metabolic alterations in the kidney. In addition to the results from experimental systems, detailed observational studies on the clinicopathological features of patients with obesity or ORG have contributed much to our knowledge of these alterations. Understanding the factors that predispose patients to the renal adaptive and maladaptive changes associated with obesity could direct the establishment of preventive and therapeutic interventions to slow the epidemic of CKD.
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